organisms living in natural waters [10] . On top of that, it constitutes a serious hazard to human health [11] . In surface waters, pharmaceuticals undergo sorption and desorption on molecules of organic matter and sediments, transformations by bacteria, and direct or indirect photodegradation in the surface layers [1, 12] . Stability of pharmaceuticals in water environments depends on a number of factors, in particular on the intensity of light, but also on the presence of suspended organic matter and the concentration of inorganic ions such as CO 3 2- , HCO -3 , NO 3 - , Fe 2+ , and Fe 3+ [13] [14] . The aim of the presented study was to analyze the impact of selected environmental factors (humic acids, NO 3 - and NO 2 -ions, solar light intensity, and ambient pH) on the stability and kinetics of photo-reactions in three compounds belonging to the family of non-steroidal antiinflammatory drugs (NSAID): paracetamol, naproxen, and diclofenac (Fig. 1) .
These substances were chosen from among a large group of NSAIDs, because they can be qualified, right after antibiotics, as the most frequently used pharmaceutical drugs [15] [16] . For instance, some 30 trillion NSAID tablets are sold each year in the USA, whereas some 70 billion are prescribed by physicians. In Poland, only in the year 2004 there were about 34 million packs of the medicines in question sold [16] . Needless to say, the drugs are commonly reported to be present in surface waters and waste, as well as in treated wastewater [17] [18] [19] .
In particular, the presence of paracetamol in treated wastewater from sewage treatment plants was denoted to be between 20 ngL -1 and 4.3 µgL -1 [18] . It turns out that its concentration in surface water can reach up to 78.17 µgL -1 , significantly exceeding the permissible limit (9.2 µgL -1 ) [18] . As such, paracetamol present in the environment exhibits toxic properties. Tests carried out on various species of algae, fish embryos, luminescent bacteria, and ciliates proved that paracetamol can seriously endanger these organisms. Incidentally, Daphnia magna turned out to be the most susceptible of the investigated species; in the case of these freshwater arthropods EC 50 (LD 50 ) equalled between 30.1 and 50 mgL -1 [18] . Paracetamol is a moderately photosensitive compound. The determined value of its irradiation half-life equals 40 to 350 h. This value considerably decreases to 16-26 h during the biodegradation of the compound in water environments [20] .
The second of the analyzed compounds, naproxen, occurs in the natural environment in relatively low concentrations [21] [22] . Research conducted by German scientists showed that naproxen was found in rivers in Germany at the maximum level of 0.30-0.42 μgL -1 [23] . Nonetheless, this compound was also detected in the surface waters of Canada and the USA [24] in concentrations ranging from 37 ngL -1 to 63 ngL -1 . In treated wastewater, this drug was denoted at a concentration of 106 ngL -1 [24] , with more than 1.0 g of the substance a day introduced into the original wastewater [24] , which implies that wastewater treatment plants are capable of achieving a daily overall elimination constant rate of 0.051 day -1 [24] . With regard to diclofenac, this drug belongs to the most frequently detected in waters. The concentrations denoted in treated wastewater reach several µgL -1 , e.g., Italy 0.2-0.5 µgL -1 [25] , Germany up to 2.1 µgL -1 [26] , Canada 0.07-0.25 µgL -1 [27] , and Spain 0.72 µgL -1 [28] . . In Poland, the recorded levels of diclofenac concentrations were 0.300-0.528 µgL -1 [29] . In 2008 research was carried out to identify the presence of commonly used medicines in Warta River waters and in municipal waste. Accordingly, in the Warta waters diclofenac was detected at a level of 17-486 ngL -1 , whereas in untreated municipal waste it was at the level of 2,000-4,000 ngL -1 [30] , and in treated waste at the level of 1,000-3,000 ngL -1 . Thus, the quoted figures imply that the efficiency of diclofenac removal in the course of regular waste treatment amounts to only 21-40% [31] . Diclofenac present in the natural environment is practically non-volatile and not susceptible to hydrolysis [32] . It undergoes sorption on sediments with difficulty. By contrast, it is vulnerable to photolysis and biodegradation. The drug subjected to direct photodegradation in natural waters undergoes decomposition within several dozen minutes, depending on latitude and the sunlight intensity [12] .
The purpose of the present study was to investigate the impact of selected environmental factors on the kinetics of photodecomposition of paracetamol, naproxen, and diclofenac -in both laboratory and simulated environmental conditions.
Materials and Methods

Reagents
All solutions were prepared using Milli-Q water. Paracetamol, diclofenac, and naproxen were in the form of sodium salt, and humic acids were purchased from Sigma-Aldrich, Poland.
Others chemicals used in our experiments were sulfuric acid, sodium hydroxide, potassium nitrate, sodium nitrite, acetonitrile, 80% acetic acid, and methanol (POCH SA., Poland). Certified Reference Material ION-96.3 -a water sample from the Grand River in Canada -was supplied by Canada's National Water Research Institute.
Equipment and Research Procedures
All spectrophotometric determinations were done using a Hitachi U-2800A spectrophotometer at scan speed 1,200 nm•min -1 and spectral bandwidth 1.5 nm. An Elmetron CP-501 pH meter (Poland) was used to measure the pH of studied solution.
We used a SUNTEST CPSţ solar light simulator (AT-LAS, USA) emitting radiation in the range of 300-800 nm for experiments in simulated natural conditions. Light intensity was determined using a Reinecke potassium salt (K[Cr(NH 3 ) 2 Preparation of the Standard Solutions of Naproxen and Diclofenac
The standard solutions of naproxen and diclofenac with concentrations of 10 -2 molL -1 were prepared by dissolving proper analytical weighed amounts of each of these substances in double-distilled water in a 50 ml volumetric flask. Working solutions of desired concentrations were set up each day of the experiment by diluting the standard solutions in a suitable manner.
Calibration Curves for the Analyzed Drugs
To plot calibration curves for the analyzed drugs, we prepared working solutions with concentrations of 2.5•10 . Absorption spectra were registered in the 190-350 nm range against the reference spectrum of double-distilled water. The values of absorbance were recorded at analytical wavelengths (240 nm for paracetamol, 226 nm for naproxen, 274 nm for diclofenac). Table 1 presents the results.
Analysis of Photodecomposition Kinetics
The following procedure was employed to establish the kinetics of photodecomposition for the investigated drugs, and to determine the influence of environmental factors on the photodegradation process: a 50 ml volume of the drug solution with concentration of 5 10 -5 molL -1 was transferred to a crystallizing dish and put in the chamber of a solar radiation simulator. The solution was then irradiated for 120 minutes. Every 10 minutes the irradiation was interrupted, and its UV spectrum was recorded in the range 190-340 nm. The concentration of the analyzed compound prevalent in the solution at a given moment was read from the relevant calibration curve. The first-order kinetics model was assumed for the observed processes. The observed Table 1 . Equations of calibration graphs used for spectrophotometric determination of current concentrations of examined compounds.
Studied compound
Linearity range / molL first-order reaction rate constant was determined graphically using the following equation: ln(c 0 /c) = k t, where c 0 is the initial concentration of examined compound and c is its concentration at a given moment (t). The slope of the obtained graph is the value of the observed rate constant.
Chromatographic Analysis
We used a chromatographic system (Thermo Separation) consisting of a UV 3000 3D Spectra System, a P2000 low-gradient pump, an SCM Thermo Separation vacuum membrane degasser, and a Rheodyne loop injector (20 mL). ChromQuest Chromatography Data system software for Windows NT was applied for the acquisition and storage of data. 20 μL of an investigated solution was injected into the ODS-2 SUPELCOSIL chromatographic column (Suplelco, USA). The mobile phase used in the chromatography consisted of acetonitrile and water (its pH set to 2.5 with the use of concentrated orthophosphoric acid) in the ratio of 25:75 (v/v) in the case of paracetamol solutions. The flow rate of the mobile phase was 2 ml min -1 , and retention time for paracetamol was 1.26 min.
As regards naproxen and diclofenac, the mobile phase consisting of acetonitrile and acetic acid with the concentration of 6.9 10 -3 mol L -1 and pH 4 combined in the ratio of 35:65 (v/v). In this case we used a flow rate of 1 ml min -1 . The obtained retention times were 15 min for naproxen and 8.9 min for diclofenac.
Results and Discussion
Preliminary Analysis
Research concerning the photodegradation of paracetamol, naproxen, and diclofenac commenced with the analysis of spectral characteristics of these compounds. Absorption spectra in the range 190-340 nm for the solutions with concentration of 5•10 -5 molL -1 were registered. pH measurements of the working solutions equaled 6.9 in the cases of paracetamol and naproxen, and 6.1 in the case of diclofenac. The spectra of the solutions were recorded with reference to the spectrum of doubledistilled water (Fig. 2) .
Essentially, the spectrum of paracetamol includes two absorption bands, the first one at 190 nm and the second, less intense, at 240 nm. As for naproxen, it has a very strong absorption band at 226 nm, a less intense one at 270 nm, and a weak one at 330 nm. The spectrum of diclofenac features two absorption bands: an intense one at 200 nm and a much less intense one at 274 nm. Our investigation of photodegradation processes started with chromatographic analysis of the discussed compounds in order to address the question of whether paracetamol, naproxen, and diclofenac are photosensitive and how complex the potential process of their photodecomposition is. Accordingly, the solutions of the scrutinized compounds that had been irradiated by stimulated solar light with intensity of 750 W m -2 were injected into the chromatographic column. Chromatograms of non-irradiated solutions, as well as the solutions after 10, 20, 60, and 120 minutes of irradiation were recorded. On their basis it could be concluded that paracetamol is a non-photosensitive compound, i.e. its chromatographic peak did not alter. Additionally, no new peaks were observed (Fig. 3a) . The two other drugs turned out to be photosensitive, as their chromatograms registered after 10, 20, 60, and 120 minutes of irradiation exhibited new peaks related to the products of their photodecomposition. In particular, it was concluded that naproxen underwent complete photodegradation already after 10 minutes, and that the ensuing products are photosensitive as well. After 120 minutes of irradiation only two photoproducts with retention times 6.5 and 11.6 minutes remained (Fig. 3b) .
HPLC analysis proved that diclofenac also decomposed completely within the first 10 minutes of irradiation. In this case, the relevant chromatograms showed that the process of decomposition is extremely complex. Specifically, after 10 minutes of irradiation as much as five new products of photodecomposition appeared; these had retention times of 3.2 min, 3.6 min, 6.4 min, 10 min, and 11.5 min. Moreover, the chromatograms recorded after the longer periods of irradiation indicated that the peaks were growing weaker over time, suggesting photosensitivity of the products and warranting further transformations (Fig. 3c) .
Investigation of the Influence of Selected
Environmental Factors on the Kinetics of Photodegradation of Paracetamol, Naproxen, and Diclofenac
The significance of several parameters important from the perspective of kinetics of photoreactions occurring in a water environment was scrutinized. The following determinants were taken under consideration: intensity of the simulated solar radiation, environment pH, concentrations of NO 3 -and NO 2 -ions, and the presence of humic acids. The observation was directed at determining those factors that have real impact on the lifetime of the discussed drugs in water environments. The progress of photochemical reactions was monitored by means of spectrophotometric techniques, denoting the absorbance of the drugs at wavelengths of 240, 226, and 274 nm, respectively, for paracetamol, naproxen, and diclofenac. In the analysis, the first-order model of kinetics was assumed. Thus, the results concerning the reaction kinetics achieved with the spectrophotometric method lend information about the mean rate of the process, i.e., the resultant rate of decomposition of the main compound and the appearance and disappearance of its photoproducts. The relevant figures are presented in Table 2 .
Influence of Light Intensity
The first of the considered aspects was the influence of simulated solar light on the photodegradation of paracetamol, naproxen, and diclofenac. In fact, two values of intensity were used: 500 and 750 Wm -2 , and the irradiated working solutions of paracetamol, naproxen, and diclofenac had the concentrations of 5•10 -5 molL -1
. The natural pH of the studied solutions without any addition of acids or bases equaled 6.9, 6.9, and 6.1, respectively. The actual concentration in a given moment was determined by relying on the absorbance measurements in reference to double-distilled water.
In effect of the above experiments it was established that paracetamol was resistant to photodegradation by solar light. The increase of lamp power did not cause any changes in its spectral characteristics. During analysis, its spectrum remained almost unchanged (Fig. 4a) , and the intensity of light only to a negligible degree was reflected by the transformations of absorbance. By contrast, naproxen turned out to be photosensitive (Fig.  4b) . In the course of irradiation, its absorbance decreased at 226 nm. Moreover, the rate of the reaction increases with the growing intensity of the simulated light. These conclusions are illustrated by the data in Table 2 . Also, diclofenac underwent photodegradation in the simulated solar light. In its decomposition a product appeared whose absorbance maximum corresponded to 242 nm. Unfortunately, its absorbance band largely overlapped with the absorbance band of the original compound (Fig.  4c) . Additionally, it was noticed that the photoproduct of diclofenac was also photosensitive, and underwent further transformation during the continued irradiation.
Influence of the remaining environmental factors was evaluated using the intensity of 750 W m -2 only.
Influence of pH on the Kinetics of Photodegradation of the Analyzed Drugs
To examine the influence of environmental pH on photodegradation of paracetamol, naproxen, and diclofenac, we concocted proper working solutions of these drugs with concentrations of 5•10 -5 molL -1 and their pH adjusted by the addition of suitable volumes of 0.05 molL -1 NaOH and 0.1 molL -1 H 2 SO 4 . Principally, we analyzed solutions with pH of 2, 4, 8, and 10. The obtained working solutions were irradiated in a solar radiation simulator for 120 minutes, interrupting the process every 10 minutes to take down the value of absorbance. The outcomes of the experiment are gathered in Table 2 . Essentially, we figured out that environmental pH did not affect the photodegradation of paracetamol. The compound appeared to be photoresistant in the assumed pH interval. But in the cases of naproxen and diclofenac, it was decided that low pH value facilitated the decomposition of the drugs. For instance, naproxen Light intensity/Wm decomposed ca. 1.3 times quicker when the ambient pH was 2 in comparison to cases with high pH values (Table 2) . Furthermore, it could be noted that the photodegradation of naproxen occurred intensively in the course of the initial 40 minutes, but later its pace slowed. For diclofenac, the impact of pH on its stability was comparable to the case of naproxen, i.e., low pH (2 and 4) values expedited its photodecomposition. Taking into account the observed acceleration in the rate of direct photolysis, it can be assumed that H + ions act as a catalyst of the chain of photochemical transformation reactions leading to the generation of degradation products. Additionally, the observed behavior could be explained by the different spectral nature of acid-based speciation. At acidic pH (<7), diclofenac and naproxen as week acids are present in the solution in free acid form. Both forms -ionized and neutral -can be characterized by different quantum yields, which can additionally explain the observed increase in decomposition rate.
Influence of NO 3 -and NO 2 -Ion Concentrations on the Photodegradation Process
In the course of our research, we evaluated the consequence of NO 3 -ions present for the rate of photodegradation of paracetamol, naproxen, and diclofenac. For this purpose three concentration levels of the ions were used: 20, 40, and 70 molL -1 , the concentration values having been chosen with regard to those used in relevant literature sources. In particular, nitrate ions are prevalent in surface waters in concentrations between 21 and 70 mgL -1 . During the experiment, 50 ml laboratory flasks were filled with small volumes of double-distilled water in which proper analytical weighed amounts of KNO 3 were dissolved. Then, for each of the analyzed drug we added 25 ml volume of its working solution at a concentration of 10 -4 molL -1
; later, every flask was filled with double-distilled water and the prepared mixtures were transferred to crystallizing dishes and put in the chamber of the solar radiation simulator. Next, the solutions were irradiated for 120 minutes, and every 10 minutes the process was interrupted to take a 2 ml sample and register its absorption spectrum. Concurrently to the working solution of a drug, a reference solution containing NO 3 -ions only was also subjected to irradiation. In the outcome, in the paracetamol solution no apparent acceleration of the decomposition process could be noted. The same, however, cannot be said of naproxen and diclofenac: in their cases, the presence of NO 3 -ions had a photosensitizing effect. For both these drugs the reaction proceeded with great intensity during the initial 30-40 minutes, slowing down notably in the later period. It should be added here that the presence of NO 2 -ions affected the processes in a similar manner. The detailed results of the above experiments are provided in Table 2 . The observed effect could be related to the photochemical transformation of nitrate ions [14] . Its irradiation by UV-light (maximum 302 nm) causes the following chain of reactions:
…which is one of the sources of hydroxyl radicals [34] . The increase in the amount of a strong oxidant like OH radicals resulted in an increasing decomposition rates for naproxen and diclofenac. ).
Influence of Humic Acids
In the following step we assayed the effect of humic acids on the course of photodegradation of paracetamol, naproxen, and diclofenac. The concentration of the humic acids used for this purpose was 20 μg mL -1 , i.e., such as is characteristic of unpolluted surface waters. The observation was made that the presence of organic matter drastically changed the processes of photodegradation of the drugs in question. For instance, as far as paracetamol was concerned, in the existence of humic acid the reaction failed to occur at all. In the case of naproxen, the pace of the reaction was 3-4 times lower in comparison to pure solutions. On the other hand, the decomposition of diclofenac proceeded faster in the first period of irradiation (Table 2). The acceleration of rate of diclofenac degradation in the presence of the humic substances can be explained by their action as photosensitizers. But on the other hand, humic substances act as inner light filters, decreasing the depth of penetration of light and decreasing the number of photons available for other organic compounds [14] .
Photodecomposition Kinetics of Paracetamol, Naproxen, and Diclofenac in the Presence of Natural Matrices Finally, we considered the impact of natural matrices on the processes of photodegradation of paracetamol, naproxen, and diclofenac. We used a certified sample of Grand River water along with a sample of treated municipal waste obtained from a local sewage treatment plant. Chemical characteristics of the certified sample are provided in Table 3, and Table 4 shows maximum values of the chemical parameters that should be exhibited by treated municipal waste.
On the whole, it was established that the presence of the certified material had an inhibitory impact on photodecomposition of paracetamol and naproxen. In the case of paracetamol, the progress of reaction was negligible, and naproxen decomposed approximately twice as slowly as its pure solution. Interestingly enough, for diclofenac the components of the CRM acted as a photosensitizer: increased rate of the process was observed, and the half-life decreased by one half. In the next step of this experiment we studied the photodegradation of the drugs in the presence of a complex matrix constituted by treated municipal waste. The parameters characterizing the waste are offered in Table 4 . In the course of the test, it transpired that the complex matrix had a greatly photosensitizing effect. Essentially, photodegradation proceeded quickly for all the analyzed drugs. The obtained data are collected in Table 2 . Accordingly, paracetamol underwent complete decomposition after 90 minutes, while naproxen and diclofenac after respectively 100 and 120 minutes. Such results indicated that the processes of photodecomposition of the drugs in the presence of an organic matrix occurred through intermediary photochemical reactions. This phenomenon could be explained through the degradation of studied pharmaceuticals being promoted by the presence of free radicals generated by irradiation of matrix rich in organic substances. This effect is especially evident in the case of paracetamol.
Conclusion
The conducted experiments were directed at establishing factors relevant for the lifetime of drugs in water environments. The obtained results showed that the transformation of organic substances in aqueous environment is a very complex process. The analysis of influence of an individual environmental factor did not provide information about the persistence of organic compound in aqueous environments. The experiments provided with the use of a sample of treated municipal Table 3 . Chemical characteristics of used CRM. waste showed that the matrix constituents have a synergistic effect on photodegradation of all studied pharmaceuticals. Paracetamol, in principle, turns out to be a stable, photoresistant compound. Its rapid degeneration in the presence of a matrix rich in organic compounds implies that the photodecomposition proceeds by means of intermediary photochemical mechanisms. This suggests the involvement of hydroxyl radicals in paracetamol degradation [35, 36] . Both naproxen and diclofenac [12] , on the other hand, are photosensitive drugs, degenerating already after 10 minutes of irradiation. The provided experiments proved that naproxen decomposed mainly by direct photolysis process. The addition of humic substances into laboratory solution resulted in inhibition of its decomposition. But the results obtained for the matrix rich in organic substances showed that radical reaction is very important for its degradation. It was found that diclofenac is subjected to direct photolysis as well as undergoing the photosensitized reaction in the presence of organic matter. The photoproducts of naproxen and diclofenac ensuing in the reaction of photodegradation are photosensitive too. Generally, the kinetics of their further photodecomposition are determined by the intensity of light and the existence of organic photosensitizers in their surroundings.
